Context. Contemporary high precision photometry from space provided by the Kepler and CoRoT satellites generates significant breakthroughs in terms of exploiting the long-period, g-mode pulsating hot B subdwarf (sdBV s ) stars with asteroseismology. Aims. We present a detailed asteroseismic study of the sdBV s star KIC02697388 monitored with Kepler, using the rich pulsation spectrum uncovered during the ∼27-day-long exploratory run Q2.3. Methods. We analyse new high-S/N spectroscopy of KIC02697388 using appropriate NLTE model atmospheres to provide accurate atmospheric parameters for this star. We also reanalyse the Kepler light curve using standard prewhitening techniques. On this basis, we apply a forward modelling technique using our latest generation of sdB models. The simultaneous match of the independent periods observed in KIC02697388 with those of models leads objectively to the identification of the pulsation modes and, more importantly, to the determination of some of the parameters of the star. Results. The light curve analysis reveals 43 independent frequencies that can be associated with oscillation modes. All the modulations observed in this star correspond to g-mode pulsations except one high-frequency signal, which is typical of a p-mode oscillation. Although the presence of this p-mode is surprising considering the atmospheric parameters that we derive for this cool sdB star (T eff = 25 395 ± 227 K, log g = 5.500 ± 0.031 (cgs), and log N(He)/N(H) = −2.767 ± 0.122), we show that this mode can be accounted for particularly well by our optimal seismic models, both in terms of frequency match and nonadiabatic properties. The seismic analysis leads us to identify two model solutions that can both account for the observed pulsation properties of KIC02697388. Despite this remaining ambiguity, several key parameters of the star can be derived with stringent constraints, such as its mass, its H-rich envelope mass, its radius, and its luminosity. We derive the properties of the core proposing that it is a relatively young sdB star that has burnt less than ∼34% (in mass) of its central helium and has a relatively large mixed He/C/O core. This latter measurement is in line with the trend already uncovered for two other g-mode sdB pulsators analysed with asteroseismology and suggests that extra mixing is occurring quite early in the evolution of He cores on the horizontal branch. Conclusions. Additional monitoring with Kepler of this particularly interesting sdB star should reveal the inner properties of KIC02697388 and provide important information about the mode driving mechanism and the helium core properties.
Introduction
Non-radial pulsations commonly observed in hot B subdwarf (sdB) stars offer great opportunities for sounding, by A&A 530, A3 (2011) stage of evolution, leaving only a very thin layer less massive than ∼0.02 M . The B subdwarfs are therefore hot and compact (T eff ∼ 22 000-40 000 K and log g ∼ 5.2−6.2; Saffer et al. 1994 ) stars that presumably never ascend the asymptotic giant branch prior to fading away as cooling white dwarfs in their subsequent evolution (e.g. Dorman et al. 1993) . It remains unclear which mechanisms determine whether a star evolving through the red giant phase eventually loses (or not) all but a tiny fraction of its envelope. Compact binary evolution across various channels is probably an important source of sdB stars (Han et al. 2002 (Han et al. , 2003 . But isolated main-sequence progenitors passing through the red giant branch and experiencing enhanced mass loss (D'Cruz et al. 1996) cannot be excluded, considering that a significant fraction of sdB stars (∼50%) remain apparently single objects or non-interacting binaries (Geier et al. 2009a ). The merger of two helium white dwarfs has often been proposed to explain the origin of isolated sdB stars (Han et al. 2002 (Han et al. , 2003 but one would expect these to be rapidly rotating and evidence of this is severely lacking so far (Geier et al. 2009b ). An interesting idea proposed by Soker (1998) is that massive planets in close orbits ( < ∼ 5 AU) could interact with the envelope of the expanding red giant star, transfering some of their orbital angular momentum to the envelope, speeding it up, and thus enhancing the mass loss. Considering that stars with close orbiting giant planets are fairly common, i.e., 6.6% have planets within 5 AU (Marcy et al. 2005; Udry & Santos 2007) , the formation of isolated hot B subdwarf stars may very well be a consequence, at least for some of them, of the presence of these planetary systems. We point out that two sdB stars show evidence of orbiting giant planets that survived the red giant branch episode: V391 Peg (Silvotti et al. 2007 ) and the close binary HW Vir with its two circumbinary planets (Lee et al. 2009 ).
Two groups of sdB pulsators offer favorable conditions for developing asteroseismology as a new tool to investigate this intermediate evolutionary stage. The sdBV r (or V361 Hya, or EC 14026; Kilkenny et al. 1997 ) stars oscillate with periods in the 100-600 s range, corresponding mostly to low-order, low-degree p-modes. These modes are driven by a κ-mechanism induced by the M-shell ionization of iron-group elements (the so-called Z-bump in the mean Rosseland opacity) and reinforced by radiative levitation (Charpinet et al. 1996 (Charpinet et al. , 1997 . The sdBV s (or V1093 Her; Green et al. 2003) stars pulsate more slowly with periods of ∼1-2 h, corresponding to mid-order gravity modes. The same mechanism drives these oscillations . A few stars belong to both classes and are called hybrid pulsators, showing both p-and g-modes (e.g., Schuh et al. 2006 ; see also the review by Charpinet et al. 2009a ).
Thus far, asteroseismic inferences could be successfully derived only from short period p-mode B subdwarf pulsators (see, e.g., Van Grootel et al. 2008a,b; Charpinet et al. 2008; Randall et al. 2009; Charpinet et al. 2009a , and reference therein). The rapid oscillations associated with relatively large amplitudes (up to 6% in some cases) provided more favorable conditions to perform seismic studies based on data obtained from the ground. With the advent of space-borne high photometric accuracy instruments such as CoRoT (Baglin et al. 2006) and Kepler (Gilliland et al. 2010) , the application of asteroseismology to the long-period sdB pulsators has become unlocked. Prior to this "space age" of sdB asteroseismology, despite heroic efforts from the ground (Randall et al. 2006a,b; Baran et al. 2009 ), it had indeed proved extremely difficult to differentiate the g-mode pulsation frequencies from the many aliases introduced by the lack of continuous coverage, particularly in view of the much longer periods and the very low amplitudes (typically ∼0.1%) involved.
This difficulty was overcome with the first detailed asteroseismic solutions for long period g-mode sdB pulsators now becoming available, based on either Kepler data (Van Grootel et al. 2010a , for the star KIC05807616, alias KPD1943+4058) or CoRoT observations and Van Grootel et al. 2010b , for the star KPD 0629-0016). These analyses confirm the great potential of g-mode asteroseismology that was envisioned for these stars. Gravity modes, because they propagate into the deep core, as opposed to p-modes, which remain confined to the outermost layers (Charpinet et al. 2000) , have the potential to reveal the structure of the deepest regions, including the thermonuclear furnace. Van Grootel et al. (2010a,b) show that important constraints on the inner core, such as its chemical composition (related to the age of the star) and its size, are indeed accessible, suggesting in particular that the He/C/O core may be larger than expected. This would imply that efficient extra mixing processes (e.g., core convection overshoot, semi-convection) are effective.
These pioneering works constitute the very first steps in the seismic exploitation of g-mode sdB pulsators. The Kepler mission is providing the Kepler AsteroSeismic Consortium (KASC) with more than a dozen sdB stars with long period g-mode pulsations. The KASC working group 11 (WG11), in charge of the compact pulsators, has reported on these discoveries in several publications (Østensen et al. 2010; Kawaler et al. 2010b; Reed et al. 2010; Kawaler et al. 2010a; Østensen et al. 2011; Baran et al. 2011 ). In addition, a global investigation of the period spacings observed in these stars is also proposed by Reed et al. (2011) . In the present paper, we focus on one of these pulsators: KIC02697388 (referred to as J190907.14+375614.2 in the SDSS catalog; Stoughton et al. 2002) . This relatively faint star (K p = 15.39 in the Kepler Input Catalog), spectroscopically identified as a rather cool B subdwarf by Østensen et al. (2010) , was first observed photometrically and discovered to be pulsating during the Kepler Q2.3 exploratory run. It exhibits a remarkably rich frequency spectrum (Reed et al. 2010 ) that quite naturally makes it one of the most interesting objects in the Kepler sample for a detailed asteroseismic study. We present in Sect. 2, new dedicated spectroscopy of KIC02697388 and a thorough reanalysis of the Kepler Q2.3 light curve. Both constitute the basis of our detailed asteroseismic analysis of this star that is discussed in Sect. 3. We summarize our results and conclude in Sect. 4.
Spectroscopic and photometric properties

Spectroscopy
Independent and accurate spectroscopic measurements to estimate atmospheric parameters such as the effective temperature and the surface gravity are essential for dealing with the degeneracies generally encountered in the seismic analysis of sdB pulsators (see, e.g., Charpinet et al. 2005 ). The first determination of the surface parameters of KIC02697388 appears in Østensen et al. (2010) . On the basis of a low signal-to-noise spectrum (primarily obtained for stellar classification) and using a grid of LTE model atmospheres to fit the Balmer and helium lines, these authors estimate that T eff = 23 900 ± 300 K, log g = 5.32 ± 0.03 (cgs), and log N(He)/N(H) = −2.9 ± 0.1 for this star.
As part of a long-term program to characterize hot B subdwarfs in general, and Kepler sdB targets in particular, we obtained two 30 min spectra of KIC02697388 on UT 2010 June 15 and June 17, using the Steward Observatory 2.3 m Bok Telescope on Kitt Peak, Arizona. The combined spectrum has fairly low resolution (R ∼ 580), but moderately high sensitivity (S /N ∼ 173) over the total wavelength range ∼3600 to 6900 Å and somewhat higher sensitivity blueward of 5000 Å (S /N ∼ 199). We analysed the spectrum using new grids of NLTE model atmospheres and synthetic spectra developed to study hot subdwarfs of the B and O types. These models were constructed with the public codes TLUSTY and SYNSPEC . Some details are provided in Brassard et al. (2010) and Latour et al. (2010) .
For sdB stars, the most accurate spectral fits that we can currently achieve are based on a grid of models that has a fixed metallicity inspired by the results of Blanchette et al. (2008) . These authors used FUSE spectroscopy and suitable NLTE model atmospheres to determine the abundances of several astrophysically important elements in the atmospheres of five typical long-period pulsating sdB stars. We recall here that hot subdwarf stars are all chemically peculiar; none exhibits a solar metallicity. The five g-mode pulsators stars analysed by Blanchette et al. (2008) show very similar abundance patterns (see, e.g., their Fig. 6 ), and from their results we derived a representative composition using the most abundant heavy elements. Hence, we assumed atmospheres containing C (1/10 solar), N (solar), O (1/10 solar), Si (1/10 solar), S (solar), and Fe (solar). We are not suggesting that this composition applies in detail to KIC002697388. This metallicity should instead be seen as representative of the global effects of metals in the atmospheres of sdB stars, particularly of long-period pulsating objects such as here.
Among others, a 3D grid of 1440 NLTE model atmospheres and synthetic spectra was constructed for this specific metallicity. The grid consists of 16 grid points in T eff spanning a range of 20 000−50 000 K in steps of 2000 K, 10 values of log g covering the range 4.6−6.4 in steps of 0.2 dex, and 9 values of log N(He)/N(H) spanning the range of −4.0 to 0.0 in steps of 0.5 dex. For comparison purposes (see below), two other similar grids were also used, one with NLTE models but no metals, and the other one based on the LTE approximation and no metals. For each grid, we fitted our observed spectrum in 3D space, with the help of a χ 2 minimization technique first developed by Pierre Bergeron (see Saffer et al. 1994, for details) . The upper panel of Fig. 1 shows the best fit we obtained for KIC02697388, leading to T eff = 25 395 ± 227 K, log g = 5.500 ± 0.031 (cgs), and log N(He)/N(H) = −2.767 ± 0.122. We point out that the quoted uncertainties are formal errors in the fits and do not include systematic effects that remain difficult to evaluate. To provide a measure of the effects of metals, we also fitted our spectrum using equivalent NLTE models, but without metals (lower panel of Fig. 1) . The values now come out as T eff = 25 505 ± 264 K, log g = 5.500 ± 0.031 (cgs), and log N(He)/N(H) = −2.757 ± 0.122, indicating that the presence of metals (at least with the amounts assumed) is not a critical issue in the determination of the atmospheric parameters of KIC02697388. The map shown in Fig. 1 of Brassard et al. (2010) indicates that, at the values of T eff and log g inferred for that star, the effects of metal blanketing are indeed quite small in sdB atmospheres. Likewise, we find that NLTE versus LTE models lead to similar results; in the latter case, using our grid of LTE models with no metals, we find that T eff = 25 688 ± 276 K, log g = 5.517 ± 0.031 (cgs), and log N(He)/N(H) = −2.719 ± 0.118. We do not know why our estimates of the atmospheric parameters of KIC02697388 differ significantly from those given in Østensen et al. (2010) . Figure 2 shows a sample of short period (in blue) and long period (in red) sdB pulsators whose surface parameters have been derived using the same telescope/instrument combination, reduction procedure, and grid of model atmospheres, thereby curve) to all the hydrogen and strong helium lines (thin curve) available in our high S/N, lowresolution optical spectrum of KIC 02697388. The fit was done using a 3D grid of NLTE synthetic spectra (T eff , log g, log N(He)/N(H)) in which the abundances of C, N, O, S, Si, and Fe were held fixed at amounts consistent with Blanchette et al. (2008) . Lower panel: similar, but for a 3D grid of NLTE synthetic spectra without metals. forming a homogeneous set. This homogeneity is a valuable property that ensures the position of each star relative to the others in the log g−T eff plane should be correct, even though systematics of unknown nature may affect the determination of their parameters on an absolute scale. The atmospheric parameters derived for KIC02697388 (represented as a green square with a cross in the figure) place the star among the coolest pulsating hot B subdwarfs. Its position in the diagram is consistent with the presence of long period oscillations.
Kepler time series photometry
The hot B subdwarf star KIC02697388 was observed by Kepler in short cadence mode (58.8 s sampling rate) over a time baseline of ∼27.11 days (∼650.73 h) from August 20 to September 16, 2009 (run Q2.3; see Østensen et al. 2010) . The data were processed through the Kepler Science Processing Pipeline (Jenkins et al. 2010) . A preliminary analysis of the light curve obtained for this star was presented in Reed et al. (2010) as part of a general report on the frequencies observed in several long period sdB pulsators discovered during the first part of the Kepler exploratory program (Q0, Q1, and Q2 runs). To exploit these data A3, page 3 of 20 A&A 530, A3 (2011)
Fig. 2.
Distribution of the hot B subdwarf pulsators in the log g−T eff plane from a sample of 28 short-period (out of 51 known; in blue) and 33 long-period (out of 45 known; in red) sdB pulsators. Three stars in this sample show both long-and short-period pulsations (blue filled circles within a red annulus). We stress that the plotted stars form a homogeneous sample in terms of the determination of their atmospheric parameters (based on our NLTE metal-free H/He model atmospheres). On the same homogeneous scale, the green square with a cross marks the position of KIC02697388. The overplotted blue contours indicate the number of driven = 0 p-modes (the largest contour corresponds to one driven mode) and manifest the p-mode instability region derived from models assuming iron distributions at equilibrium between gravitational settling and radiative levitation (Charpinet et al. 2001) . Nearly all p-mode pulsators are concentrated within the three highest contours (solid lines) where driving is most efficient. for a detailed asteroseismic study of KIC02697388, we need a more thorough frequency analysis that we provide here. Figure 3 shows a 20-day-long section of the Kepler "white light" photometry of KIC02697388. We based the following analysis on the raw light curve. The choice of using raw data instead of data preliminary corrected for contamination has no impact on the seismic analysis. The only significant difference appears in the measured amplitudes of the modulations, which, for this star, are found to be larger by ∼20% for the corrected data. To maximize the signal-to-noise ratio of the data in Fourier space, the light curve was detrended for residual long-term variations and cleaned of data points that differ significantly from the local standard deviation by applying a running 3-σ clipping filter. After this treatment, an effective duty cycle of ∼96% is reached, resulting in a window function so pure that aliasing due to interruptions never interfere with the identification of real frequencies. In this light curve, low-amplitude multi-periodic oscillations with dominant periodicities around 1-2 h are clearly seen. The complex interference pattern indicates that a significant number of modes are involved in the brightness modulation, as outlined by Reed et al. (2010) , who conclude that at least 37 frequencies must be present.
A Lomb-Scargle periodogram (LSP; Scargle 1982) of the light curve confirms the complex multi-periodic nature of the star brightness modulation. The region where dominant signal is clearly detected covers the range 60-400 µHz (left panel of Fig. 4 ). The timescale of these modulations (∼1-4 h) is typical of the variations induced by g-mode pulsations in long period sdB pulsators. Another frequency region also shows modulations with weak but significant signal in the 500-1100 µHz range (right panel of Fig. 4 ). More surprisingly, as noted by Reed et al. (2010) , we also find a very weak periodic signature at a much shorter timescale (see Fig. 5 ), which, if real, is quite unexpected, at first sight, for a cool sdB star such as KIC02697388. This frequency would indeed be comparable to variations generally encountered in the short period p-mode sdB pulsators, which are found at higher effective temperatures. We provide evidence that this short period modulation is indeed very likely to be caused by an excited acoustic mode, making KIC02697388 a hybrid sdB pulsator (see Sect. 3.4) . All other frequency regions, not illustrated here, up to the Nyquist limit (∼8500 µHz) are otherwise found to be consistent with noise.
We applied the usual prewhitening and nonlinear least squares fitting techniques to extract the frequencies (Deeming 1975) . We used a dedicated software program, FELIX (Frequency Extraction for LIghtcurve eXploitation) developed by one of us (S.C.), which greatly eases and accelerates the application of this procedure, especially for long time series obtained from space ). The procedure was performed with no major difficulty, thanks to the very high quality of the Kepler photometry. However, on several occasions, groups of seemingly unresolved peaks were encountered, as already mentioned in Reed et al. (2010) . Dealing with close peaks that differ by less than ∼1.5 times the formal resolution of the data (which is ∼0.43 µHz in the present case) can be problematic. In several instances, the simultaneous nonlinear least squares fitting method could not converge for the close frequencies. Our approach in these cases was to first select the dominant frequency of a crowded complex, perform the simultaneous nonlinear least squares fit on the frequency, amplitude, and phase, and freeze the frequency to the value obtained (keeping amplitude and phase as free parameters). Other close peaks of lower amplitude associated with that complex could then be selected, fitted individually for frequency, amplitude, and phase and then fitted simultaneously with the other peaks while keeping their frequency locked. This procedure allowed us to extract all the peaks in the Fourier domain beyond a given detection threshold where we used, as usual, 4σ above the mean noise level. Nonetheless, one must keep in mind that the uncertainties associated with the frequencies derived for the unresolved peaks are, in fact, somewhat larger (around the formal resolution of the run, to be conservative) and that, except for the main peak of a complex that is certainly real, the existence of some of the lower amplitude components may be questionable. We stress however that these uncertainties only marginally affect our subsequent seismic analysis (see the next section). Table 1 lists the 63 peaks that we extracted from the Kepler light curve. The table also provides their attributes: frequency, period, amplitude, and phase (with their error estimates σ f , σ P , σ A , and σ Ph , respectively), as well as the signal-to-noise ratio of the detection. Among the 63 frequencies, four (labeled "a n ") are known as instrumental artifacts 1 and 59 (labeled " f n ", where n Fig. 3 . Twenty day section of the light curve obtained for KIC02697388 during Q2.3 Kepler observations. The amplitude as a function of time is expressed in terms of the residual relative to the mean brightness intensity of the star. The red curve shows the reconstructed signal based on the extracted frequencies, amplitudes, and phases given in Table 1. is ranked in order of the decreasing amplitude of the main peak) are presumably pulsation modes. In this table, close unresolved frequencies separated by less than ∼1.5 times the formal resolution (i.e., ∼0.65 µHz) are grouped together. We also note that the phase is relative to the beginning of the run. This zero point corresponds, in the solar system barycentric reference frame, to BJD 2 455 064.3628260 (time standard is UTC) and the fitted waves have the form A cos[2π/P(t − phase)]. The noise level is extremely low, ranging from ∼0.0054% (54 ppm) at low frequencies to ∼0.0027% (27 ppm) at high frequencies. The reconstructed light curve based on all the harmonic oscillations given in Table 1 is shown in Fig. 3 plotted (in red) over the observed light curve. In a similar way, Fig. 4 shows the Lomb-Scargle periodogram of the observed time series in relevant frequency regions and, plotted upside-down, its reconstruction based on all frequencies from Table 1 . The LSP of the residual light curve after subtracting all oscillations is also given, shifted downward. In both the time domain ( Fig. 3 ) and frequency space ( Fig. 4) , the reconstruction based on the fitted modulations closely reproduces the observations. The comparison of our Table 1 with Table 3 of Reed et al. (2010) finds excellent agreement. In our present analysis, however, 22 additional frequencies (listed within brackets in Table 1) are not reported in Reed et al. (2010) . The reasons are twofold: 1) we used a different estimate of the detection threshold, the one adopted by Reed et al. (2010) being slightly more conservative, and 2) in their preliminary analysis, Reed et al. (2010) did not extract all the apparent peaks in the poorly resolved groups of close frequencies.
Seismic analysis
Method and models
For the seismic analysis, we adopt a variant of the forwardmodelling approach applied with success to the study of several A3, page 5 of 20 A&A 530, A3 (2011) where signal is found. The reconstructed LSP based on the extracted harmonic oscillations given in Table 1 (indicated by red vertical segments) is shown upside down. The curve shifted downward is the LSP of the residual (i.e., noise) after subtracting all the frequencies of Table 1 from the observed light curve.
Fig. 5.
Lomb-Scargle periodogram (LSP) in the 3785-3830 µHz frequency range where a weak signal is also suspected. The green (blue, red) dotted curves refer to a value equal to 4.0 (3.6, 3.0) times the local mean noise level. The indicated peak at 3805.94 µHz ( f 38 in Table 1 ) clearly emerges at 5.7 times the average noise. p-and g-mode sdB pulsators. The method was described in detail in Charpinet et al. (2005 Charpinet et al. ( , 2008 and relies on fitting simultaneously all of the observed pulsation frequencies with theoretical frequencies calculated for appropriate hot B subdwarf models. The quality of the fit is quantified using a merit function defined as
where N obs is the number of observed frequencies and {ν obs,i , ν th,i } are the associated pairs of observed/computed frequencies. This quantity, S 2 , needs to be minimized as both a function of the frequency associations (i.e., a combinatorial first minimization required because the observed modes are not identified a priori) and as a function of the model parameters, {p 1 , ..., p n }. For that purpose, we developed efficient optimization codes to find the minima of the merit function (a multi-dimensional function that can be of very complex shape), which constitute the potential asteroseismic solutions. Utilizing this procedure, we obtain the mode identification (i.e., the most closely fitting association between observed and theoretical frequencies) and, more importantly, constraints on the main structural parameters of the star. Quantitative asteroseismology of g-mode pulsators has become possible thanks to our so-called "third-generation" (3G) models, which is suitable for the accurate evaluation of g-mode pulsation frequencies. These 3G models are briefly described in Brassard & Fontaine (2008 , 2009 . They are complete stellar structures in thermal equilibrium defined in terms of a set of parameters inspired from full evolutionary models. The reason we use static parametrized structures instead of evolutionary models is that the former provide the needed flexibility for thoroughly exploring parameter space. The input parameters needed to characterize a 3G model are: the total stellar mass M * , the fractional mass of the outer hydrogen-rich envelope log(M env /M * ), the fractional mass of the mixed convective core log(M core /M * ), and the chemical composition of the core (with the constraint X(He) + X(C) + X(O) = 1). The effective temperature, T eff , and surface gravity, log g, are computed a posteriori for a 3G model of given parameters. To exploit the atmospheric parameters determined independently by spectroscopy, we incorporate the values of T eff and log g as external constraints in the optimization procedure to search for a best-fit model. Only the models defined by minima in the S 2 merit function that have atmospheric parameter values within a given tolerance around the spectroscopic estimates are considered acceptable, thus ensuring, by construction, consistency with spectroscopy. In the specific case of KIC02697388, acceptable solutions have to fall in the ranges of 3σ around T eff = 25 395 K and log g = 5.500. We note that there is no guarantee, a priori, that a good frequency match exists within these constraints. Table 1 . List of frequencies, f n , and known instrumental artefacts, a n , detected four times above the noise level.
Id.
Frequency Notes. Frequency not reported in Reed et al. (2010) ; † frequency selected for the first step in the search of an asteroseismic solution; * suspected p-mode.
Search for an optimal model
In the present seismic analysis of KIC 02697388, we adopt the following approach: first, to be conservative, we only consider a subset of frequencies (those marked with a " †" sign) that have been reported both in Table 1 and in Table 3 of Reed et al. (2010) . In this way, the additional frequencies that we report do not interfere with the search of an optimal model, should some of these frequencies be spurious. A comparison can however be done afterward with the theoretical frequency spectrum of the selected solution. In a second step, we use all the independent frequencies (all the " f n " listed in Table 1 ) in the analysis. For each group of close frequencies, we retain only the dominant component (in amplitude) as an independent pulsation mode. Other close frequencies are just ignored. The unresolved frequencies can be interpreted in various ways. A possibility is that the star is rotating slowly and the non-radial pulsation modes are split because of this rotation. Another option is that the amplitude and/or phase of some modes are not constant during the run and cannot be correctly prewhitened with waves that are assumed to be purely sinusoidal. We will be unable to decide whether this is possible until longer time series on this star (which Kepler will eventually provide) become available in order to resolve properly these fine structures in the amplitude spectrum. We emphasize, however, that the uncertainties associated with these unresolved features do not have a strong impact on the seismic analysis presented here. For the first conservative approach, this leaves us with 32 frequencies that are assumed independent, while we end up with 43 independent frequencies when considering the entire spectrum listed in Table 1 . In both cases, we attempt to match these frequencies simultaneously to modes computed from perfectly spherical (i.e, nonrotating) models. With this hypothesis, all frequencies are considered as m = 0 modes and the theoretical frequency spectrum is defined only in terms of the k (radial order) and (degree) of the modes. We point out that, for slow rotators, the eventual error in misidentifying the m index of an observed frequency has a limited impact on the results of a seismic analysis. This is true as long as the error induced on the frequency remains smaller than the overall accuracy achieved for the seismic fit, which will be the case for KIC02697388.
The search for best-fit solutions was carried out in the following domain:
.40, −0.10], and X core (C + O) ∈ [0.00, 0.99], where X core (C+O) is the fractional part (in mass) of carbon and oxygen in the core. The ranges considered for log q(H) and M * rely on expectations from various formation scenarios for hot subdwarfs (Han et al. 2002 (Han et al. , 2003 , whereas the limits on the core size are loosely inspired by horizontal branch stellar evolutionary calculations (Dorman et al. 1993) .
To restrict the search domain, we have to make additional assumptions about the nature of the modes that have been detected. Since the star was monitored photometrically, we usually consider from the expected visibility of the pulsation modes that only low degree modes can be effectively seen. We typically limit the search to modes of degree ≤ 2, unless we are forced to consider higher -values. Our first calculations assuming that the modes were only = 1 and 2 led us to realize that the light curve of KIC02697388 cannot be understood in terms of ≤ 2 modes only. Within this strict limitation on , we were unable to find a suitable simultaneous fit to the observed frequencies and we concluded that some of the modes should be of higher . In terms of visibility, beyond = 1 and 2, we expect to see preferentially the = 4 modes that, in sdB stars, are significantly less affected than = 3 modes by the geometric cancellation effect (Randall et al. 2005) .
A closer look at the structure of the pulsation spectrum illustrated in Fig. 4 (see also Table 1) can also be instructive. In terms of amplitude distribution, we note that most of the higher amplitude frequencies are concentrated in the 100-200 µHz range. Between 200 and 380 µHz, the amplitudes of the modes generally appear to be smaller, except for one frequency, f 2 at 270.24 µHz, which is the second highest peak. The range 380-500 µHz forms a gap where no pulsation is detected and, again, peaks are found in the 500-1050 µHz domain, but all of them have an extremely small amplitude (the amplitude scale in the right panel of Fig. 4 is considerably wider than the left panel). Interestingly, this observed amplitude distribution can be linked with some theoretical expectations. Fontaine et al. (2003) provided an extensive study of the driving mechanism responsible for the g-mode instabilities in hot B subdwarfs. Apart from the well-known discrepancy between the locations of the observed and theoretical instability strips that can possibly be resolved with the inclusion of nickel, in addition to iron, as a significant source of opacity (Jeffery & Saio 2006a ,b, 2007 Charpinet et al. 2009a ), Fontaine et al. (2003) show that the range of frequency (period) where the g-modes are driven depends on the degree . In particular, Fig. 9 of Fontaine et al. (2003) clearly indicates that as increases, shorter periods (higher frequencies) are driven. This behavior occurs because the excitation mechanism acting on these g-modes drives a range of radial orders rather than a range of periods (frequencies) and, in the asymptotic regime, the periods of modes with the same k value scale approximately as [ ( + 1)] −0.5 . It is therefore tempting to interpret the observed frequency spectrum of KIC02697388 as the superposition of 3 series of modes of roughly the same range of radial order k but with = 1, 2, and 4. Since each series would be shifted by a factor [ ( + 1)] 0.5 from lower ( = 1) to higher frequencies ( = 4), with possibly a gap for the missing (i.e., hardly detectable) = 3 modes, this scheme matches quite well, at least qualitatively, the observed structure of the pulsation A3, page 8 of 20 spectrum. Keeping these considerations in mind, we therefore consider for our forward modelling exploration that frequencies lower than 120 µHz should be = 1 modes, those lower than 500 µHz should be either = 1 or = 2 pulsation modes, and above 500 µHz, we allowed the frequencies to be associated with modes of degree = 1, 2, or 4. Associations with = 4 modes were also permitted for five frequencies (namely, f 40 , f 39 , f 35 , f 36 , and f 34 ) because of their very low apparent amplitudes. In summary, this approach allows the very low amplitude frequencies to be = 4 modes, while there is still a possibility that they are associated with modes of degree = 1 or 2, if these mode frequencies fit better. Within the search domain specified, and taking into consideration the external constraints on atmospheric parameters, we first ran the optimization code on the reduced set of 32 frequencies (i.e., the conservative approach). This search revealed that two families of models provide the most accurate possible match to the considered frequencies. The main parameters of these two model solutions are summarized in Table 2 . Both solutions turn out to be essentially equal in terms of quality of fit (the value of S 2 /N obs ). The frequency match (not given here) shows that the two families differ slightly at the level of the mode identification, but do not provide additional arguments that would allow us to favor one of the solutions over the other. Looking at the 11 additional frequencies that were not considered in this first exploration, we realized that all of them can be associated with modes present in the theoretical pulsation spectrum of both families of models, without their quality of fit being degraded significantly. This a posteriori match is highly unlikely to occur by chance and we interpret it as a clear indication that these additional frequencies not reported in Reed et al. (2010) are real. In this context, we re-ran the optimization code using the full set of 43 frequencies (i.e., including all the independent frequencies identified in our analysis presented in Sect. 2). This new search, as expected, also uncovered evidence of two families of solutions with only slightly differing parameters. These solutions are With 43 modes, model 1 may appear slightly better than model 2 in terms of quality of fit (S 2 /N obs value), but the difference is insignificant and we objectively cannot, at this stage, select one of these models as the true solution. We emphasize that both solutions show excellent agreement with spectroscopic estimates of the effective temperature and surface gravity. The maps shown in Figs. 6 and 7 illustrate the behavior of the merit function in the vicinity of each best-fit seismic solution. In both panels, the merit function S 2 incorporates the spectroscopic constraints on atmospheric parameters. To create these plots, we tolerated a deviation of 3σ for the effective temperature and 2σ for the surface gravity. An exponential correction factor multiplies the merit function if the model effective temperature and surface gravity are outside these ranges, in effect degrading the S 2 value of the model. The panels clearly indicate deep blue regions (corresponding to best-fitting models, i.e., low values of S 2 ) in the M * − log q(H) and log q(core)−X core (C + O) planes, which are well-defined by the pulsation spectrum and the spectroscopic constraints. The regions in red correspond to models that are inconsistent with spectroscopic values within the tolerance mentioned above or that provide a very poor match to the A3, page 9 of 20 A&A 530, A3 (2011 observed frequencies. The two uncovered valleys clearly show solutions that are significantly better in reproducing the observed pulsation spectrum than any other surrounding area of the parameter space. To verify whether the two solutions are truly distinct, we calculated a large 4-dimensional grid of 333 268 models focusing on the region, in parameter space, that contains the two identified models. Figure 8 shows a map representing the "projection" (S 2 , in logarithmic scale) of the 4D S 2 function constructed from this grid on the log q(core)−X core (C + O) plane. This projection is defined as S 2 (p 1 , p 2 ) = min{S 2 (p 1 , p 2 , p 2 , p 3 ); ∀p 2 , ∀p 3 },
where p 1 = log q(core), p 2 = X core (C + O), p 3 = M * , and p 4 = log q(H). In other words, since we are interested in the minima of the merit function (the best-fit models), at each locus of the represented plane, the value given (S 2 ) is the lowest value of S 2 among those found for all M * and log q(H) varied independently. This map illustrates that the two families of solutions are indeed unconnected valleys. The two regions of best-fit models (dark blue areas) remain confined to quite narrow ranges for the log q(core) parameter, but show some elongation in the X core (C + O) direction. The domain confined within the 1σ contours provides, for each solution, a conservative estimate of the internal precision at which these parameters are effectively measured for KIC02697388.
Similarly, Fig. 9 shows the "projection" of S 2 , but this time onto the M * − log q(H) plane. The represented quantity is now S 2 (p 2 , p 3 ) = min{S 2 (p 1 , p 2 , p 2 , p 3 ); ∀p 1 , ∀p 2 },
where the {p j }'s are defined as before, i.e., at each locus of the represented plane, the value given (S 2 ) is the lowest value of S 2 among those found for all log q(core) and X core (C + O) varied independently. The two solutions clearly overlap in the M * − log q(H) plane, forming a joint area. The domain confined within the 1σ contours provides a conservative estimate of the internal precision at which M * and log q(H) are effectively measured for KIC02697388 (see Sect. 3.5). . 8 . Expanded view of the log q(core)−X core (C + O) region where the two model solutions are found. The map represents S 2 , a "projection" of the 4-dimensional S 2 function (in log scale): at each log q(core), X core (C + O) position, the value given is the minimum of log S 2 that can be found among the values obtained for all M * and log q(H). White contours show regions where the frequency matches have S 2 values within, respectively, the 1σ , 2σ , and 3σ confidence levels relative to the bestfit solution. The yellow marks indicate the positions of the two solutions found by the optimization code.
Frequency match and mode identification
The two model solutions isolated for KIC02697388 provide very good simultaneous matches to the 43 observed frequencies (but see below). Details of both the fit and mode identification are A3, page 10 of 20 given, for both models, in Tables 3 and 4 , respectively (these tables are provided as online material only). Figure 10 also provides a graphical illustration of the fits. These tables list the most relevant computed frequencies ν th (periods; P th ) with some useful properties (such as the kinetic energy, log E kin , and the Ledoux coefficient, C k , associated with the mode; see, e.g., Charpinet et al. 2000) and show their association with the observed frequencies. For each pair of associated frequencies, the quantities ∆P = P obs − P th , ∆ν = ν obs − ν th , and ∆P/P = −∆ν/ν quantify the difference between the computed and measured values. For convenience, we also provide again, in these tables, the amplitude of the observed mode. Finally, we indicate within brackets the 11 additional frequencies that were not reported in Reed et al. (2010) . For model 1, the averaged relative dispersion is |∆X/X| ∼ 0.35% (X = P or ν), which corresponds, on an absolute scale, to |∆P| = 20.9 s and |∆ν| = 0.811Ãl'µHz. The standard deviations in these quantities are, respectively, 24.8 s and 0.787 µHz. For model 2, the averaged relative dispersion is |∆X/X| ∼ 0.39%, corresponding to |∆P| = 23.0 s and |∆ν| = 0.957 µHz. The standard deviations are then, respectively, 24.2 s and 0.918 µHz. Compared to previous analyses of g-mode sdB pulsators that were able to reproduce the frequencies with an average relative dispersion of ∼0.23% (see Van Grootel et al. 2010a,b) , we find that the quality of the frequency fits achieved for KIC 02697388 shows a noticeable degradation. The larger number of modes that must be fitted simultaneously could possibly be one of the reasons why our best solutions for KIC02697388 do not as closely reproduce the observed spectrum as in the two other stars analysed thus far. However, it is also likely that our current inability to resolve properly all the pulsation modes contributes significantly to the larger dispersion between the best-fit models and the observations. The induced uncertainties in the accuracy of some of the frequencies used in this analysis and possible misidentifications of which component of a complex of modes is the m = 0 mode (if rotation plays a role) could indeed interfere at a level close to the formal frequency resolution of the present data (∼0.43 µHz). Future time series obtained for this star with Kepler will undoubtedly improve the situation but, for the time being, this source of uncertainty remains sufficiently small to allow us to engage the detailed asteroseismic study of this star.
The 43 pulsations involved in our analysis are identified as low-degree ( = 1, 2, and 4), intermediate-order (k = −7 through −64) g-modes 2 . We point out that almost all the very low amplitude frequencies above 500 µHz that were allowed to be either = 1, 2, or 4 modes, turn out to be identified as = 4 modes. This confirms our initial intuition that these low amplitude frequencies could indeed be the dominant modes belonging to the = 4 series that, despite strong geometrical cancellation (see Fig. 11 and comments below), can emerge above the detection threshold of the present data (see Sect. 3.1). Looking at the amplitude distribution resulting from the mode identifications derived from each solution, we clearly find that, in both cases, the highest amplitude frequencies are preferentially associated with = 1 modes, as one would expect. To quantify this, we point out that, for model 1 (Table 3) , eight frequencies were associated with = 4 modes. The average amplitude of these eight modes is A 4,8m = 0.0186%. In comparison, we computed the average amplitudes, A 1,8m and A 2,8m , of the eight strongest modes associated with = 1 and = 2, respectively. We find that A 1,8m = 0.1316 % and A 2,8m = 0.0787 %. We therefore obtain the following average amplitude ratios of different degrees: A 1,8m /A 2,8m 1.7, A 1,8m /A 4,8m 7.1, and A 2,8m /A 4,8m 4.2. For model 2 (Table 4) , the amplitude distribution is similar and we have A 4,7m = 0.0188% (with only seven modes associated with = 4 in this case), A 1,7m = 0.1362%, and A 2,7m = 0.0983%. The corresponding average amplitude ratios of different degrees become A 1,7m /A 2,7m 1.4, A 1,7m /A 4,7m 7.2, and A 2,7m /A 4,7m 5.2. In both cases, the pronounced amplitude separation between = 1, 2 and = 4 is qualitatively in line with the visibilities generally expected from computations (see, Fig. 11) .
A more quantitative comparison of the averaged observed amplitude ratios with calculations remains however difficult for several reasons. Figure 11 shows the visibilities of = 1, 2, 3, and 4 modes expected for a star with parameters representative of KIC02697388. For g-modes in sdB stars, the light modulations are completely dominated by the temperature perturbation. These visibility curves were computed assuming the same intrinsic amplitude for the temperature perturbation and only m = 0 modes were considered. The results are found to be independent of the pulsation frequency. The relative visibility of a mode clearly depends quite strongly on the (unknown) inclination angle of the star relative to the observer. The = 3 modes are the most affected by the geometrical cancellation effects except at very specific inclinations (i ∼ 30 • and i ∼ 70 • ). There is a marked gap between = 3, 4 and = 1 and 2 at nearly all viewing angles (except for i ∼ 55 • and i ∼ 90 • ). In the seismic analysis of KIC02697388, we assumed that all the observed frequencies were m = 0 modes (as in Fig. 11 ), considering that, in the context of a star likely rotating relatively slowly, misidentifications of the m-index of the modes do not have a large impact on the asteroseismic solutions themselves. The visibility of the modes would however be greatly affected, depending on the inclination angle. An even more acute difficulty defeating meaningful quantitative comparisons of amplitude ratios is that the observed pulsation modes certainly do not have the same A&A 530, A3 (2011) Fig. 10 . Distribution of the observed periods of KIC02697388 (in red) compared to the = 1, = 2, and = 4 g-mode theoretical pulsation spectrum of the optimal models 1 (left panel) and 2 (right panel). The radial order k of the computed modes is indicated for each series of degree. intrinsic amplitudes. It is therefore very difficult, in these conditions, to go beyond the qualitative argumentation provided so far.
The high frequency oscillation
An intriguing feature of KIC02697388 revealed by the analysis of the Kepler light curve is the presence of a very weak, isolated peak at 3805.94 µHz (262.75 s; f 38 in Table 1 ). Our detailed asteroseismic study presented in the previous section demonstrate that this frequency is perfectly integrated into the best-fit solutions that emerge from this analysis and that it matches a low-order (k = 1) either radial ( = 0) or non-radial ( = 2) p-mode. These are the modes typically observed in sdBV r stars. A modulation at this short timescale, typical of the much hotter p-mode sdB pulsators, first raised skepticism regarding its true nature (real mode or instrumental artifact?). KIC02697388, according to our spectroscopy, is indeed one of the coolest known pulsating sdB stars and certainly among the last objects where we would expect to find acoustic modes. These modes are however extremely sensitive to the surface gravity (log g) of the star and the remarkable correspondence with the best-fit solutions uncovered provides strong evidence of a real p-mode.
There is more, however, which brings us to Fig. 2 , where, as already mentioned, the position of KIC02697388 (green square with a cross) appears clearly separated from the other sdBV r and hybrid pulsators by more than 4 000 K. This figure also shows that there is no real conflict with theory on that surprising matter. The blue contours in Fig. 2 reproduce the expected instability region for the short period p-mode pulsations derived from nonadiabatic calculations (Charpinet et al. 2001) . While all sdBV r and hybrid pulsators were, until now, always found within the three highest contours where the driving mechanism is most efficient to excite acoustic waves, the instability region actually covers a much larger region in the log g−T eff plane. The red edge, in particular, is found to reach significantly cooler effective temperatures, including most of the known long period g-mode pulsators. KIC02697388, in particular, lies upon the edge of the instability region where models predict that one acoustic mode can A3, page 12 of 20 S. Charpinet et al.: Deep asteroseismic sounding of the sdB pulsator KIC02697388 from Kepler time series photometry still be excited. Looking into the details, we computed the nonadiabatic properties of the low-order low-degree p-modes in the two optimal solutions uncovered from the asteroseismic analysis. These can be found in Table 5 where, along with the computed period, P th , we provide the nonadiabatic quantity σ I (i.e., the imaginary part of the eigen-frequency) indicating if a mode is stable (σ I > 0) or driven (σ I < 0). Table 5 shows that in both cases, the mode associated with the observed periodicity is found to be stable but lies right next to the excited mode. Driving this mode would clearly require only a very slight modification of the models. For instance, increasing the effective temperature by only ∼100 K is sufficient to excite this mode. Alternatively, we find that a slight increase of only 8% in the amount of iron in the driving region (see, e.g., Charpinet et al. 2009b ) is sufficient to make this mode unstable, as indicated in Table 5 . This result demonstrates that the presence of this high frequency is also consistent at the nonadiabatic level with the interpretation that it is a p-mode. The accumulation of evidence on this matter leads us to claim with confidence that the 262.75 s isolated signal observed in KIC02697388 is a p-mode driven by the usual κ-mechanism and that this star is a hybrid pulsator. The position of the red edge is a direct function of the amount of iron supported by radiative levitation in the stellar envelope. The contours reproduced in Fig. 2 are obtained by assuming that the iron abundance has reached a diffusive equilibrium state between gravitational settling and radiative levitation. The distribution of short period p-mode pulsators (including hybrids), prior to the discovery of KIC02697388, suggested that the true instability region was possibly much narrower than expected under this assumption. A natural explanation was that the equilibrium abundance represents an upper limit that is not effectively reached because of competing processes. KIC02697388 somewhat challenges this idea since an iron abundance at diffusive equilibrium, at least, is needed to account for the presence of this pulsation mode in this star. This object expands considerably the observed red edge of the p-mode pulsations in sdB stars. KIC02697388 also raises the question of the presence of very low amplitude p-modes in other long period sdB pulsators, most of them being significantly hotter and therefore more prone, in principle, to excite acoustic waves. The outcome of the Kepler survey phase reported in Reed et al. (2010) and Baran et al. (2011) indeed provides indications that almost all other long period sdB pulsators may show such acoustic modes. The very low level of the amplitudes involved would naturally explains why these modes had never been detected before from the ground.
Derived stellar parameters
The asteroseismic analysis normally leads to the determination of the basic structural parameters of the scrutinized star. In the present situation, we do not have a single, clear-cut solution to propose for KIC02697388 but instead two solutions between which it is not possible to decide at this stage. We therefore derive two sets of parameters that reproduce equally well this star in terms of both spectroscopy and asteroseismology. These parameters are summarized in Table 6 .
Estimating the 1σ (internal) uncertainties associated with the primary quantities (those naturally derived from the asteroseismic analysis) is an important, but nontrivial task. Adopting a conservative approach, we adapted the recipe described in detail in Brassard et al. (2001) and Charpinet et al. (2005) , but instead of using the maps intersecting with the solutions (Figs. 6 and 7) , we considered the projected maps shown in Figs. 8 and 9 . The projection of the 1σ contour (i.e., the innermost white dashed contours shown in these figures) onto the various axis provides the 1σ estimate of the corresponding parameter. Because the solutions (the yellow marks) are generally not well centered in the region defined by the 1σ limit, the error estimates are given with differing plus and minus bounds. The uncertainties in the derived atmospheric parameters T eff and log g are obtained from the uncertainties in the primary quantities. To do so, we computed several models with parameters independently set to values corresponding to the various limits defining their 1σ range. The differences observed in T eff and log g with the corresponding values obtained for the optimal model were then added quadratically, thus providing an estimate of the global uncertainties in these quantities. A set of secondary parameters (stellar radius R, luminosity L, age) is also derived on the basis of the primary parameters. Their associated errors are estimated in the same way as the uncertainties obtained for the effective temperature and surface gravity, i.e., by computing their values at the boundaries of the 1σ domain and adding the differences with the optimal model quadratically. To evaluate the age associated with each solution, we used new evolutionary models that incorporate the same input physics employed in our third generation static structures. These evolutionary calculations are described in a forthcoming paper (Brassard et al. 2011, in prep.) . In particular, these models include diffusion, gravitational settling, radiative levitation, core overshooting, and a time-dependent treatment for the convection. They also provide a treatment for the coupling between nuclear reactions and diffusion. To produce larger cores that can A3, page 13 of 20 A&A 530, A3 (2011) 
Notes. ‡ From asteroseismology; † from spectroscopy; * from the zero age extreme horizontal branch (ZAEHB). match those suggested by our asteroseismic results, an ad-hoc turbulent diffusion term was added. While the eventual origin of this contribution has yet to be clarified, we note that differential rotation, for instance, could produce this additional mixing. These evolutionary models provide the closest counterparts to the static structures identified from the asteroseismic analysis. We point out that the age of the star depends on both the composition (i.e., the amount of helium burnt) and the size of its core. In this advanced evolutionary stage, a larger core requires more time to burn a given fraction (in mass) of the available helium. As a comparison, sequences computed without this extra mixing term and therefore having a smaller core would lead to age estimates of ∼21.5 Myr and ∼37.1 Myr for models #1 and #2, respectively. Finally, we point out that all the uncertainties quoted in Table 6 are statistical ones, with the understanding that uncertainties of systematic effects caused by imperfections in the models are not considered here, because these are by definition difficult to estimate. A third set of parameters (absolute magnitude M V , reddening index E(B − V), extinction between Earth and the star, A V , and distance from Earth d) can be deduced from the primary and secondary quantities by further exploiting our model atmospheres. To obtain these quantities, we have to exploit the wide band photometry available for KIC02697388. The most accurate measurements are from the SDSS-DR7 catalog, in the ugriz system : u = 15.061±0.004, g = 15.003±0.003, r = 15.419±0.003, i = 15.685 ± 0.004, z = 15.925 ± 0.007. We used the transformations from Jester et al. (2005) to evaluate the corresponding Johnson V magnitude and the apparent (B − V) color index of KIC02697388 (see Table 6 ). From the unreddened color index (B − V) 0 derived from the spectral energy distribution expected from the parameters associated with solution 1 and 2, we compute the reddening index, E(B−V), and the extinction coefficient, A V . The distance from Earth, d, then readily follows. We point out that it is also possible to work directly with the ugriz system without relying on transformations. Following the same procedure and making use of the atmospheric parameters derived from spectroscopy and the stellar radius obtained from solution 1, we evaluate a reddening index E(g − r) = 0.058 ± 0.027 and an absorption coefficient A r = 0.154 ± 0.072. The distance (corrected from extinction) obtained with the g-band is then d = 1351 ± 131 pc. Using the r-band, we derive d = 1351 ± 128 pc. Overall, there is excellent agreement among the values obtained for the distance, with and without using the Jester et al. (2005) transformations.
Interestingly, we find that the two separate solutions proposed for KIC02697388 converge toward nearly identical values for several of the parameters of the star. Within the estimated errors, the mass, radius, luminosity, effective temperature, and surface gravity of the two solutions do not differ significantly. Other quantities relying on these parameters, i.e., absolute magnitude, reddening index, extinction coefficient, and distance from Earth, therefore also converge for practically the same values. Hence, these quantities, despite the remaining ambiguity concerning the true model solution, have values that are securely constrained. We find in particular that the inferred mass for KIC02697388 is close to the canonical value expected for hot B subdwarfs (Dorman et al. 1993; Han et al. 2002 Han et al. , 2003 . The hydrogenrich envelope mass is also tightly constrained despite having two model solutions. The inferred values do not strongly differ from one model to the other. The envelope is found to be thicker than envelopes measured in other pulsating sdB stars, including the two other g-mode pulsators studied thus far (Van Grootel et al. 2010a,b) . This result is in line with the expected correlation between T eff and M env (cooler extreme horizontal branch stars should have thicker envelopes), considering that KIC02697388 is the coolest sdB star analysed with asteroseismology, thus far.
The other parameters related to the helium-burning core are of particular interest. It was hoped that g-modes in sdB stars can probe the properties of the core, and they do, as first demonstrated by Van Grootel et al. (2010a) . However, in the present case, owing to the existence of two solutions that we cannot separate at this stage, there remain relatively large uncertainties in the values defining the size and composition of the He burning core. Despite this limitation, the carbon-enriched core is found to be rather massive, although it has burned less than ∼34% of its helium nuclear fuel (model solution 2 corresponding to the most advanced stage). In comparison, the fully mixed core in standard evolutionary models only reaches ∼0.14 M at these stages. This finding is in line with the trends already noted for KPD1943+4058 (Van Grootel et al. 2010a ) and KPD 0629-0016 (Van Grootel et al. 2010b) . Therefore, this size is significantly above that expected from evolutionary tracks computed by, e.g., Dorman et al. (1993) . These authors, however, defined the convective core using the Schwarzschild criterion and did not consider overshooting, while the chemical transition He/C/O-He defines its boundary in our models. Our measurement may therefore be the signature of an extended core due to, e.g., overshooting, whereby processed material (C+O) is carried out by momentum beyond the convection zone.
Summary and conclusion
We have presented the first detailed asteroseismic sounding of the hot B subdwarf g-mode pulsator KIC02697388 based on the high quality, nearly continuous time-series photometry provided by the Kepler satellite. We reanalysed in detail the 27day-longdata from the run Q2.3 available for that star (see, Østensen et al. 2010; Reed et al. 2010 ) and extracted 59 peaks judged to be both significant and unassociated with known instrumental artifacts (see Table 1 ; online version only). In our analysis of the light curve, the high frequency peak reported in Reed et al. (2010) was also recovered at a quite significant level (S /N ∼ 5.7). This peak is of particular interest because its associated timescale (a period of 262.75 s) is typical of acoustic mode oscillations (see below).
Before interpreting the pulsations of KIC02697388, we performed a detailed analysis of the spectroscopic properties of this star. A new, high signal-to-noise, low resolution spectrum of KIC02697388 was obtained and fitted with synthetic spectra computed from NLTE H/He model atmospheres assuming a representative (non-solar) heavy-element composition inspired by Blanchette et al. (2008) . This led us to determine the atmospheric parameters for KIC02697388 T eff = 25 395 ± 227 K, log g = 5.500 ± 0.031, and log N(He)/N(H) = −2.767 ± 0.122. The derived atmospheric parameters indicate that KIC02697388 lies on the cool side of the region in the log g−T eff plane where the g-mode sdB pulsators are found (see Fig. 2 ). In this context, the presence of a high frequency modulation becomes intriguing as this star lies far away from the region where hybrid pulsators (showing both p-and g-modes) had been found until now (typically near T eff ∼ 30 000 K for temperatures derived using NLTE model atmospheres).
The seismic sounding was conducted using our so-called 3rd generation (3G) models, which are appropriate for the quantitative interpretation of g-mode pulsations in sdB stars. We explored the vast model parameter space with our forward modelling approach (see, e.g., Charpinet et al. 2008 ) and identified the two families of solutions that most closely match the observed frequencies equally well and agree with the constraints provided by the spectroscopically determined atmospheric parameters of KIC02697388.
At this stage, we are unable to distinguish the two solutions uncovered in terms of quality of fit or based on other arguments. Both models match the observed frequencies used in the analysis equally well, with an average dispersion of ∼0.35% (0.81 µHz) and ∼0.39% (0.96 µHz), respectively. This level of accuracy is slightly worse than what we were able to achieve for the two other g-mode sdB pulsators analysed thus far, KPD 1943+4058 and KPD 0629-0016, where the typical average dispersion obtained between modeled and observed frequencies was ∼0.23% (0.70 µHz; Van Grootel et al. 2010a,b) . We attribute this difference to unresolved fine structure (possibly due to rotation) in the frequency spectrum of KIC02697388 that, for some modes, increases the uncertainty in their frequencies. Beyond this additional source of error, we recall that an important fraction of the current discrepancies between the models and the observations certainly resides in inadequacies in the modelling. These are expected and obviously constitute one of the major reasons to carry out such detailed asteroseismic studies for guiding current efforts towards developing more realistic stellar models.
The mode identifications obtained as a result of the forward modelling procedure provide, in both cases, a highly consistent picture of the nature of the modes detected in KIC02697388. The frequencies are interpreted in terms of superimposed series of mid-order (|k| ∼ 7−64) gravity modes of degree = 1, 2, and 4, respectively. We have found a hierarchy in amplitude for the fitted/identified frequencies that is consistent with the distribution of apparent amplitudes (on average) expected from the attenuation factors caused by geometrical cancellation. The mode distribution is also in line with the nonadiabatic calculations presented in Fontaine et al. (2003) that show a shift of the driven g-modes to higher frequencies (shorter periods) as the degree increases (see their Fig. 9 ).
For the two asteroseismic solutions uncovered, the high frequency detected in the Kepler light curve can be naturally associated with a low-order (k = 1), low-degree (either = 0 or 2) p-mode. Low order, low degree acoustic modes are typically those being excited and observed in the short period sdB pulsators. Despite being significantly cooler than the other sdB stars featuring these kind of rapid oscillations, we demonstrated that KIC02697388 is not in conflict with the nonadiabatic theory predicting the excitation of p-modes in sdB stars. We have demonstrated that this star lies on the edge of the expected instability region derived from the assumption that the iron abundance in the stellar envelope has reached its equilibrium state from the competition of radiative levitation against gravitational sedimentation (Fig. 2) . We demonstrated that the acoustic modes predicted to be excited in the two optimal models uncovered include (within the model uncertainties) the high frequency mode effectively observed in KIC02697388 (Table 5 ). All these converging elements constitute strong evidence that this isolated frequency is indeed a driven p-mode occurring in a sdB star that is significantly cooler than any other sdB exhibiting these kinds of pulsations. This finding indicates that the observed red edge of the p-mode instability region is significantly cooler than believed so far. The very small amplitude of the p-mode seen in KIC02697388 (only 156 ppm and 5.7 times above the noise in the Kepler data), if representative of the amplitudes of acoustic waves in this part of the log g−T eff plane, could of course naturally explain why these modes have never been detected previously in cool sdB stars.
At this stage, our data for KIC02697388 does not allow us to identify a single solution for its oscillation spectrum. It is therefore impossible to propose a unique determination of its structural parameters. The values associated with each solution are summarized in Table 6 . Despite this remaining ambiguity, we nonetheless find that the values derived for several parameters (i.e., the total mass, M * , the envelope mass, M env , the radius, R, and the luminosity, L) are very similar and therefore constitute robust estimates for some of the properties of KIC02697388, independent of which solution turns out to be the "real" one. The main differences between the two families of models occur at the level of the composition of the mixed core, X core (C+O), and in the evaluation of its size, log(1 − M core /M * ). In any case, KIC02697388 is found to be a relatively young sdB star (younger than ∼55 Myr since the ZAEHB) having burnt less than ∼34% of its helium (in mass). In line with previous findings for the stars KPD 1943+4058 (Van Grootel et al. 2010a) and KPD 0629-0016 (Van Grootel et al. 2010b), we also determined -although we cannot provide a unique value for this parameter -that the size of the mixed core is significantly larger than the size normally obtained by the Schwarzschild criterion defining the inner convective core. This suggests once again that extra mixing (caused by overshooting or differential rotation, for instance) has taken place early in the evolution of the He core in these stars, such that the outer boundary of the He/C/O region (the quantity that we estimate here) has been pushed outward. This trend appears to be confirmed now that three g-mode sdB pulsators have thus far been analysed by asteroseismology. Additional studies of this type for other identified g-mode pulsators should shed further light on this fascinating issue.
The present analysis of KIC02697388 was based on the first run of time series photometry acquired by the Kepler mission on this star. More data are currently being collected and are expected to provide a major improvement to the frequency resolution (due to the longer coverage). This should allow us to properly resolve the various complexes of close frequencies that have been observed in the light curve analysis of KIC02697388. If generated by rotational splitting, this fine structure would hold the key to the detailed study of the internal dynamics of this star. It could also help us to identify some of the observed modes more precisely, possibly allowing us to discriminate between the two currently proposed seismic solutions. We are therefore looking forward to exploiting new data from Kepler on the remarkable sdB star that is KIC02697388. 
